Abstract
Methods
50 consecutive patients (82.6±6.9 years; 56% female) were prospectively enrolled and underwent a TAVR planning using a 320-row CT, with ECG-gated aortic root CTA immediately followed by a non-gated aorto-iliac acquisition, all within a single bolus of 40-70mL of Iohexol 350mgI/mL. The Iodine load, image quality, SNR, CNR and radiation dose were compared using a Mann-Whitney test to that of 24 consecutive patients (84.3±4.8 years, 58% female) previously imaged on a 64-row scanner with a conventional two-step protocol.
Results
Iodine load was reduced by 44%. All examinations were of diagnostic quality, with improvement of the aortic root CTA image quality (4.9±0.3 versus 4.6±0.5, p<0.01) and a non-significant decrease of the aorto-iliac CTA image quality (4.7±0.6 versus 4.9±0.3, p = 0.07). SNR and CNR were significantly improved in the aortic root CTA (14.0±5.3 and 10.4±4.5 versus 10.3±4.2 and 6.8±3.3, p<0.01 for both) and non-significantly higher in the aorto-iliac CTA (16.5±8.0 and 14.1±7.9 versus 14.7±5.5 and 12.5±5.0, p = 0.42 and p = 0.66). Total radiation dose was reduced by 32%.
Conclusion
320-row CT scanner enables a 44% reduction of iodine load in TAVR planning, while maintaining excellent aorto-ilio-femoral arterial enhancement and lowering radiation dose. PLOS 
Introduction
Aortic stenosis is the third most prevalent cardiovascular disease worldwide [1] , with a poor natural prognosis since the survival rate of untreated patients with symptomatic severe stenosis is 60% at 1 year and 32% at 5 years [2] . Transcatheter Aortic Valve Replacement (TAVR) is now established as a valid alternative therapeutic procedure [3, 4] for patients who either have contraindications to open surgery or decline it [5] . Computed Tomography Angiography (CTA) plays an essential role in the selection of patients suitable for this technique, being the reference method for the aortic annulus and aortic root sizing, for the assessment of the coronary ostia position and for the prediction of the appropriate projection angles in the angiography suite [6] [7] [8] . CTA is also essential in defining iliac vessels tortuosity, stenosis, and severity of calcified atherosclerosis, to plan the safest access route and minimize vascular complications [9] . Using a 64 or a 128-row single source scanner, a comprehensive TAVR planning protocol commonly requires two consecutive steps: a retrospectively ECG-gated aortic root CTA first, followed by an ungated aorto-ilio-femoral CTA [10, 11] . For each of both steps, a bolus injection of 30 to 90mL of iodine contrast media (CM) is required, bringing the total amount of CM delivered up to 180mL. This represents a major limitation in an elderly population with frequently impaired renal function [12] . Therefore, various strategies have been described through the literature to reduce to the strict minimum the quantity of iodine CM required for CT TAVR planning. Wide area-detector CT have the ability to acquire ECG-gated examinations in a single volume acquisition, and this-combined with the fast gantry rotation of the second-generation 320-detector row CT scanners (275msec)-enables the acquisition of a cardiac CT in less than a second, compared to more than 10 seconds on 64-row scanners [13] . We hypothesize that we can take advantage of this technology to reduce the iodine load required for CT TAVR planning on a 320-row scanner by acquiring the two CT TAVR steps (ECG-gated aortic root CTA and non-gated aorto-ilio-femoral CTA) within a single contrast media bolus injection.
Materials and methods
This study was performed at a single university hospital, after Institutional Review Board approval (ethics board of the "Hôpitaux Universitaires de Strasbourg"). Written informed consent was obtained from all participants in the study group. For the retrospective analysis of the examinations of the control group, the need of an informed consent was waived by our Institutional Review Board.
Patients
From May 2013 to April 2014, all patients referred to our radiology department for a TAVR planning were prospectively and consecutively included to constitute our study group. An indication for TAVR, i.e. a severe aortic valve stenosis with contra-indication to or refusal of open surgery, was therefore the only inclusion criterion. The exclusion criteria were a severe renal impairment with an estimate glomerular filtration rate (eGFR) < 20 mL/min and a proven allergy to iodine contrast media.
A control group was constituted by the retrospective inclusion of all patients who underwent a TAVR planning on a 64-row scanner from March 2012 to March 2013. These consecutive patients were acquired using a conventional two-step approach with reinjection.
CT imaging
All patients in the study group were examined using a second-generation 320-row CT scanner (Aquilion ONE Vision Edition, Toshiba Medical Systems, Otawara, Japan).
First, the aortic root CTA was acquired in volume mode using a retrospective ECG-gated acquisition and the following CT parameters: 16cm width, 100kV, gantry rotation time of 0.275s, auto-mA maxed at 300, acquisition over 1 heartbeat.
Immediately afterwards (i.e. with a delay ranging from 3 to 6 seconds due to table motion), a non-gated aorto-ilio-femoral CTA was acquired in helical mode from the mandibular angle down to the mid-thigh using the following parameters: 100kV, gantry rotation time of 0.275s, pitch of 0.813, auto-mA maxed at 400.
Both (aortic root and aorto-ilio-femoral CTA) acquisitions were obtained within a single breath hold and after a single bolus injection of Iohexol 350mg/mL (Omnipaque, General Electric Healthcare, Milwaukee, Wisconsin), using an automatic power injector at a rate of 3.5mL/sec, followed by 30mL of saline chaser at a rate of 3mL/sec. Patients with a Body Mass Index (BMI) lower than 23 kg/m 2 had a 40-50mL bolus, patients with a BMI between 23 and 30 had a 60-70mL bolus and patients with a BMI over 30 had a 70-80mL bolus. The acquisition was triggered using a bolus-tracking technique with a Region of Interest (ROI) positioned in the descending thoracic aorta and a 180 Hounsfield Units (HU) threshold. All patients from the control group were examined with a 64-row scanner (CT750HD, General Electric Healthcare, Milwaukee, Wisconsin).
The aortic root CTA was performed first, using a retrospective ECG-gating (100kV, 0.35sec rotation time, auto-mA maxed at 700) and a bolus of 60-70mL of Iomeprol 350 to 400mg/mL (Iomeron, Bracco, Milan, Italy) injected at a rate of 4mL/sec. A bolus-tracking technique with a ROI in the descending thoracic aorta and a 200 Hounsfield Units (HU) threshold was used.
Afterwards, the aorto-ilio-femoral CTA was acquired from the mandibular angle down to the mid-thigh (non-gated helical acquisition, 100kV, gantry rotation time of 0.35sec, pitch of 0.984, auto-mA maxed at 450), using an additional bolus of 30 to 90mL (30-50mL for patients with BMI lower than 25kg/m 2 , 60-90 for BMI equal or higher than 25) of Iomeprol 350 to 400mg/mL injected at a rate of 3.5mL/sec. The ROI for the bolus tracking technique was placed within the descending thoracic aorta and a 160HU threshold was used. For both injections, 30mL of saline chaser at 3mL/sec were added after the iodine CM bolus.
The CT acquisitions in both groups of patients were reconstructed with a soft kernel and a third-generation iterative reconstruction algorithm: Adaptive Iterative Dose Reduction using 3 Dimensional (AIDR-3D) in the "standard" setting for the study group [13] , and Adaptive Statistical Iterative Reconstruction set at 50% for the control group.
In both group, the aortic root volume was reconstructed every 10% from 0 to 90%. No β-blockers or other heart-rate lowering agents were used for both groups.
Qualitative CT evaluation
All acquisitions from both the study and the control groups were anonymized and randomized. Aortic root and aorto-iliac CTA were independently reviewed by two radiologists (MO and AL, with 7 and 5 years of experience in cardiovascular CT, respectively) using a dedicated workstation (Vitrea version 6.4, Vital Images, USA). All the examinations were analyzed once in multiplanar reconstructions. Images were displayed in a vascular window setting (level 100HU and width 900HU); the radiologist could adjust the window display settings. For the aortic root CTA, the readers examined all reconstructions from 0 to 90%, with a special focus on the systolic 20-40% volumes that are used for the annulus sizing [14] . The quality of the ECG gating, the sharpness of the aortic wall, the clear depiction of the calcifications and the valve leaflets and the identification of the annulus plane were the criterion that had to be assessed by the readers.
For the aorto-iliac CTA, the level of luminal arterial enhancement, the sharpness of the arterial wall, the amount of image noise and the clear depictions of the supra-aortic trunks and the iliac arteries calcifications were the points evaluated by the readers. Significant (i.e. greater than 50%) iliac stenoses were documented.
Based on these specific points, the two radiologists independently evaluate both acquisitions with a five-point Likert scale (Table 1) .
Quantitative CT evaluation
For each patient, the total dose (in gram) of iodine CM injected and the Dose Length Product (DLP) expressed in mGy.cm for each acquisition were recorded.
The effective dose of radiation in mSv was obtained by multiplying the DLP by the specific conversion coefficient of 0.0144 mSv/mGy.cm for the aortic root CTA and 0.0141 mSv/mGy. cm for the aorto-iliac CTA [13, 15] .
Another radiologist (DMM, with 10 years of experience in cardiovascular CT) measured the vascular attenuations in HU and their standard deviations at different levels on the aortic root and aorto-iliac CTA using circular regions of interest (ROI) averaging at least 5 mm 2 . For the aortic root CTA, these ROI were placed in the aortic sinus, the sino-tubular junction and the ascending portion of the aorta. For the aorto-iliac CTA, they were placed in the tubular portion of the ascending aorta, in the abdominal aorta at the level of the renal arteries, in the right or left common iliac artery and in an erector spinae muscle avoiding fatty tissue infiltration. For each location, the measurements were repeated three times. Mean vascular attenuation and mean noise, corresponding to the mean standard deviation, were averaged for the arterial measurements and used to compute the signal-to-noise ratio (SNR), which was obtained by dividing the mean vascular attenuation by the mean noise, and the contrast-tonoise ratio (CNR), which was calculated using the following formula as described by Yuan et al [16] :
CNR ¼ mean vascular attenuation À muscle attenuation mean noise
Statistics
All statistical analyses were performed by using software JMP Pro version 10 (SAS Institute Inc., Cary, North Carolina, USA). Data are presented as means ± standard deviations unless specified otherwise. A Student t test was used to compare the demographic data of the two groups of patients. The interobserver agreement between the two readers regarding subjective image quality assessment was evaluated with the Cohen κ test.
A Mann-Whitney U test was used to compare the score in image quality, the dose of iodine CM, the dose of radiation exposure, the SNR and the CNR between both groups.
A p value below 0.05 was considered statistically significant.
Results

Patients
Patients' demographics and main clinical characteristics are shown in Table 2 . 59 patients were approached, and 56 accepted to be included in the study. 5 were excluded due to severe renal impairment (eGFR < 20mL/min) and 1 patient was excluded because of history of severe allergy to CM, leaving 50 patients (mean age: 82.6±6.9 years; range:61-96, 56% female) who constituted our study group.
Twenty four consecutive patients were retrospectively included in the control group. There were no statistically significant differences in age (p = 0.21), sex ratio (p = 0.85) nor BMI (p = 0.89) between both groups.
Qualitative CT evaluation
The image quality scores of the aortic root CTA was significantly better in the study group (mean: 4.9±0.3, range: 3.5-5, κ = 0.39) than in the control group (4.6±0.5; range: 3.5-5; κ = 0.32) (p = 0.0004).
No statistically significant difference was found between image quality scores of the aortoiliac CTA between the study (4.7±0.6, range: 3-5, κ = 0.61) and the control (4.9±0.3, range: 3.5-5; κ = 0.30) groups (p = 0.07). In addition, the amount of calcified plaque in the iliac arteries (90% in the study group and 92% in the control group) and the frequency of greater than 50% stenosis in the iliac arteries (26% in the study group and 25% in the control group) were comparable between both groups (p = 0.82 and p = 0.93, respectively).
Demonstrative examples are shown in Fig 1. Quantitative CT evaluation Dose of iodine CM. The total iodine load was significantly lower in the study group (23.6±3.4 g, range: 14-31.5, corresponding to a median volume of 67mL) than in control Up is the aortic root CTA, depicting the aortic annulus in axial and frontal planes. Down is the aortoiliac CTA in 3D and curved mutliplanar reconstructions. Study group images are from a 76 years-old man from the study group, whose BMI was 32.5, and were obtained after a single bolus injection of 70mL of Iohexol 350mgI/ml. Total radiation dose was 935mGy.cm. Control group images are from a 86 years-old man from the group (43.3±8 g, range: 28-63, corresponding to a median volume of 124mL), which represented a reduction of 44% (p<0.0001). Radiation dose. The radiation dose was significantly lower in the study group for the ECGgated aortic root CTA (565±432 mGy.cm versus 800±249 mGy.cm in the control group; p = 0.0007) as well as for the aorto-ilio-femoral CTA (518±253 mGy.cm versus 785±184 mGy.cm in the control group; p<0.0001). Consequently, the total dose received by the patient during the whole examination was lowered in the study group by around 32% (1083±615 mGy.cm versus 1585±350 mGy.cm in the control group; p = 0.0002). When translated in effective dose, it represents a mean radiation dose of 15.4±8.7 mSv in the study group versus 22.6±4.9 mSv in the control group.
SNR and CNR. For the ECG-gated aortic root, the SNR in the study group (14.0±5.3) was significantly higher than in the control group (10.3±4.2; p = 0.0013). The CNR was also significantly higher in the study group (10.4±4.5) than in the control group (6.8±3.3; p = 0.0004). In details, the mean arterial enhancement was higher than 300HU in 90% of the study group versus 75% of the control group, and between 150 and 300HU in 10% and 25%, respectively.
For the aorto-iliac CTA, no significant difference in SNR (study group: 16.5±8.0 versus control group: 14.7±5.5; p = 0.42) nor in CNR (study group: 14.1±7.9 versus control group: 12.5 ±5.0; p = 0.66) were noted in both groups. In details, the mean arterial enhancement was higher than 300HU in 60% of the study group versus 79% of the control group, between 150 and 300HU in 34% and 21%, respectively; and lower than 150HU in 6% and 0%, respectively.
Details about arterial attenuation are given in Table 3 .
control group, with a BMI of 30.1, and were obtained after a 2 steps acquisition protocol using a total amount of 120mL of Iohexol 350mgI/ml. Total radiation dose was 1653 mGy.cm.
https://doi.org/10.1371/journal.pone.0204145.g001 
Discussion
We have demonstrated in this study that the second generation 320-row CT could achieve a complete TAVR CT workup with acquisition of the ECG-gated aortic root followed by the aorto-ilio-femoral CTA within one single iodine CM bolus injection, resulting in a significant (44%) reduction of the total iodine load, with a mean iodine dose of 23.6g. This significant reduction of the total iodine load is beneficial in the clinical setting, since one to two thirds of patients screened for TAVR have chronic kidney disease, and therefore a theoretically increased risk of contrast induced nephropathy, associated with an increased morbidity and mortality [17, 18] . One of the most effective precaution to prevent this complication is to decrease the total dose of iodine CM to the lowest possible [19] . As described below, a number of authors [20] [21] [22] [23] [24] [25] have studied different acquisition protocols to achieve this goal.
One of these techniques is to use the ultra-high pitch mode (pitch higher than 3) available on dual-source scanners. They allow acquisition of the whole aorta with freezing of the aortic root within one single reduced CM bolus injection [20] , which results in significant reduction of iodine dose (to as low as 10,5 g) and radiation dose (down to 250 mGy.cm) [20] [21]. However, an accurate assessment of the aortic root annulus maximum size that is critical for TAVR planning is not possible by lack of retrospective ECG gating associated of these techniques.
Others used the wide volume acquisitions available on wide-area detector CT. This technique acquires the whole aorta with sequential ECG-gated volume acquisition covering up to 16cm at once [22] , and consequently requires only one step and one bolus injection of CM. Although the image quality is excellent, the acquisition time remains lengthy (up to 25 seconds) and therefore the iodine load cannot be substantially reduced.
Dual energy CT provides Iodine density images and low keV reconstructions which maximize iodine contrast, therefore allowing a significant dose reduction to achieve a similar contrast uptake [23] . This technique has been used in the setting of TAVR planning almost to halve the iodine load required for the aorto-ilio-femoral CTA (30mL only) in case of a standard dual-step protocol [24] . However, the overall reduction in iodine load is not that significant since up to 70mL of CM are still required for the aortic root ECG-gated CTA.
As compared to aforementioned reports, we succeeded to significantly reduce the total dose of iodine CM. This successful experience have prompted us to implement the use of this single contrast media bolus injection TAVR protocol whenever a complete aorta CTA with excellent depiction of the ascending aorta is needed, including in patients with aortic aneurysm or dissection, or in the postoperative follow-up of ascending aorta surgery.
In this study, we also confirmed that the image quality of the ECG-gated aortic root CTA is significantly increased when using a second generation 320-row CT in comparison to 64-row CT. This appears consistent as the second generation 320-row CT prevents stair-step or misalignment artifacts since it uses a one-beat volume acquisition [26] [27] [28] . More interestingly, as high quality images are mandatory for better planning of vascular access routes, one of the concern was whether lowering the dose of CM would affect the quality of the aorto-ilio-femoral CTA. Our results show that when using a single injection and reduced dose of iodine CM, we do not significantly lose in image quality, SNR or CNR during this part of the examination. In addition, we have confirmed that the radiation dose in each of the two steps are significantly reduced with 320-row CT. If the decrease in not surprising for the aortic root CTA, due to the use of a volume acquisition [29] , the significant decrease in the aorto-ilio-femoral helical acquisition is probably due to the use of more advanced acquisition optimizations and new generation detectors.
We should acknowledge some limitations to our study.
First, the concordance analysis of qualitative data showed only fair to moderate agreement between the two readers. This result might be explained by: (i) the high number of categories (five) as more categories lead to lower concordance, and (ii) the fact that the disagreement was in more than 90% of cases between class 4 and 5 (i.e. good versus excellent image quality), which does not affect the diagnosis of these patients.
Second, there are relatively many variables considered in this study (e.g. CT scanner platform, number of rows, iterative reconstruction methods, contrast volume, contrast bolus protocol) which could affect some of our results. So to alleviate effects of some cofounders, dedicated studies comparing 320-detector row imaging with two different contrast administration protocols prospectively, one dual-phase and the other single-phase, with corresponding differences in contrast volume administration, or two different scanner platforms with the same contrast protocol is recommended.
Third, given that there are relatively fewer 320-detector row CT scanners in routine practice in the world so far, this may affect the generalizability of our results. Fourth, we were not able to evaluate the cardiac output (i.e. the left ventricular ejection fraction) for each patient, since the whole LV wasn't systematically included in the retrospective ECG-gated acquisition. Consequently, one could speculate that patients with low cardiac output could experience a reduced image quality for the aorto-iliac acquisition when using a single injection protocol.
Fifth, despite the absence of a statistically significant difference, there were still 3 patients in our study group were the iliac attenuation was weak (i.e. below 150HU), rendering the evaluation of the arterial lumen challenging. The reason for this is probably multifactorial, and could be related to an intrinsic limitation of the single bolus protocol (insufficient amount of contrast media, late timing) or to the patient itself (low cardiac output, obesity). Future studies might be needed to better determine in which patients this single bolus protocol might not be appropriate, regarding the peripheral arterial evaluation.
Finally, the incidence of acute kidney injury could not be evaluated because most patients underwent a pre-operative coronarography 48 hours before or after the CT TAVR. Therefore, the follow-up creatinine dosage is not representative of the detrimental effect of the CT TAVR alone.
Conclusion
The use of a 320-row CT scanner with single contrast media bolus injection acquisition protocol can halve the iodine load in TAVR planning, while maintaining excellent aorto-ilio-femoral arterial enhancement and significantly lowering the radiation dose.
This new approach could be useful whenever a complete aorta CTA with excellent depiction of the ascending aorta is needed. 
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